As our ongoing work on research of natural-product-based insecticidal agents, eighteen podophyllotoxin analogues with diverse chemical structures were evaluated for their insecticidal activities against the pre-fourth-instar larvae of Athetis dissimilis Hampson in vivo at the concentration of 1 mg/mL. Among all the reported analogues, compounds 6, 8, 12, 13, 15 and 17 showed more potent insecticidal activities than matrine, quinine and toosendanin, three commercial plant secondary metabolites. 2′,6′-Dichloropodophyllotoxin (8) and 2′,6′-dichloroepipodophyllotoxin (13) exhibited the most pronounced and promising insecticidal activity with the final corrected mortality rates of greatly 60%. This suggested that variation of chemical structures in the podophyllotoxin skeleton conspicuously has effect on the insecticidal activity profiles of podophyllotoxin analogues. Moreover, SAR revealed that the substituents and configuration were critical for their insecticidal activities. The results may be useful in guiding further design and structural modification of podophyllotoxins in the development of potential novel insecticidal agents.
Athetis dissimilis (Lepidoptera: Noctuidae) is a widespread and harmful lepidopteran pest threatening China [1] . A. dissimilis was first reported in 2014 in Shandong province where it has caused extensive damage to summer maize seedlings [2] . At present, it has rapidly spread as a pest to cause damage in Henan, Anhui and Shanxi provinces [3, 4] . Earlier reports showed that A. dissimilis, a typical lepidopteran pest, is widely distributed in other countries (including India, Korea, Japan, Philippines and Indonesia) and its outbreaks result in serious incidence and widespread crop loss [5, 6] . So far, A. dissimilis was considered as a major lepidopteran pest of maize, however, the control of their larvae is widely dependent on a wide variety of synthetic pesticides such as organophosphorus, carbamate and pyrethroid insecticides. Although effective, repeat and frequent use of those agrochemicals many times has caused a lot of problems, such as led to the widespread development of resistance in lepidopteran pest populations and the outbreak of insect species, disrupted natural biological control systems, had long-term side effects on non-target organisms and natural environment and human health concerns [7] [8] [9] [10] . To circumvent these problems, it is urgent to develop novel lepidopteran pest agents for selective to control A. dissimilis larvae.
Accordingly, botanical insecticides, a botanical type based on natural plant compounds result from the interaction between plants and the environment during the long period of evolution are expected to become the efficacious and environment-friendly insecticides [11] [12] [13] [14] . The botanical insecticides produced from plant secondary metabolites may delay the development of insecticideresistance of the pest and decreasing the effects of environmental pressures. Therefore, screening botanical insecticides originated from plant, and developing botanical insecticides directly from plant secondary metabolites, or by using them as lead compounds for further structural optimizations, have been a promising route for the discovery of new insecticides recently [12] [13] [14] [15] [16] . Podophyllotoxin (1, Figure 1 ), a main insecticidal component, was isolated from Juniperus sabina Linnaeus and Sinopodophyllum hexandrum (Royle) Ying [17] . To the best of our knowledge, compound 1 is an excellent candidate for the study of anticancer [18] [19] [20] , antifungal [21, 22] and insecticidal [23] [24] [25] [26] activities. More recently, a large number of podophyllotoxin derivatives have been synthesized, and some derivatives displayed more promising insecticidal activity than toosendanin, a commercial botanical insecticide isolated from Melia azedarach [27] [28] [29] [30] . But for all that, podophyllotoxin and its analogues or derivatives insecticidal activity has been evaluated against very few species pests, and their structure-activity relationship (SAR) and mode of action have not been well understand. Inspired by these previous observations, and the aim in our program is to discover and develop natural-productbased insecticidal agents [27, 28] , we first report here the results of the insecticidal activity of eighteen podophyllotoxin and its analogues against A. dissimilis, in vivo. Moreover, the structureactivity relationship (SAR) studies of these analogues were also described.
Podophyllotoxin (1) and 4′-demethylepipodophyllotoxin (4) were purchased from Gansu Gerui Medicinal Materials Co., Ltd. (18),, respectively. Compounds 2, 3, 5-18 were smoothly obtained using our previously reported procedures [27] [28] [29] . The chemical structures of 2-18 are shown in Figure 2 .
The insecticidal activity of 1 and podophyllotoxin analogues 2-18 against the pre-fourth-instar larvae of A. dissimilis in vivo was screened by the leaf-dipping method at the concentration of 1 mg/mL. Matrine (I), quinine (II) and toosendanin (III), the chemical structures are shown in Figure 2 , three commercial plant secondary metabolites were used as the positive control at a concentration of 1 mg/mL. For each samples, 30 pre-fourth-instar larvae (10 larvae per group, three groups) were used. Acetone solutions of 1-18 and I-III were prepared at a concentration of 1 mg/mL. Fresh wheat leaves were dipped into the corresponding solution for 3 s and then taken out and naturally air dried in a room.
Leaves treated with acetone alone were used as a control group. Several treated leaves were kept in each dish, where every 10 larvae were raised. If the treated leaves were consumed, the corresponding ones were added to the dish. After 48 h, untreated fresh leaves were added to all dishes until adult emergence. The experiment was carried out at 25 ± 2 °C and relative humidity (RH) 65-80% on a 12 h/12 h (light/dark) photoperiod. The insecticidal activity of the tested samples against the pre-fourth-instar larvae of A. dissimilis was calculated by the formula: corrected mortality rate (%) = [(T − C) × 100] / (T -C). Where T is the mortality rate in the treated group expressed as a percentage and C is the mortality rate in the untreated group expressed as a percentage.
The corresponding corrected mortality rates caused by these samples were generally higher after 43 days than those after 20 and 10 days (Table 1) . For example, the corresponding corrected mortality rate of 2′,6′-dichloroepipodophyllotoxin (13) against A. dissimilis after 10 days was only 18.3%, and after 20 days the corresponding corrected mortality rate was increased to 37.9%, which was more than 2 times of that of after 10 days. However, the corresponding corrected mortality rate of 13 against A. dissimilis after 43 days was sharply increased to 65.0%, which was close to
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Natural Product Communications Vol. 14 (1) 2019 119 4 times of that of after 10 days. That is, these samples displayed delayed insecticidal activity, and the toxicological symptoms of the tested A. dissimilis were also consistent very well with our previous reports [27, 28] . Thus, it further exhibited that the delayed insecticidal activity would be a ubiquitous character in plant secondary metabolites of podophyllotoxin, matrine, quinine and toosendanin. Moreover, these samples are different from other synthetic neurotoxic insecticides (such as organophosphorus, carbamate and pyrethroid insecticides) in a time-dependent manner. It is shown that the insecticidal mechanisms of these samples are quite different from those of conventional neurotoxic insecticides, and the lethal symptoms of A. dissimilis during the different periods were also completely different. For example, we observed that some tested larvae of A. dissimilis died slowly with slim and wrinkled bodies; Moreover, some larvae of the treated groups exhibited moulting disturbances and/or deformities, which could not reach pupae and died during the pupation stage. Some larvae of the treated groups reached the prepupal stage, however, moulted not to normal pupae but to larval-pupal intermediates; In addition, some moths were appeared malformed moths with imperfect wings after samples treatment, which would be eventually lost the ability to mate and even lay eggs.
The results of insecticidal activity assay revealed that, out of eighteen tested samples, six (the final corrected mortality rates of 6, 8, 12, 13, 15 and 17 were 55.6%, 60.7%, 57.5%, 65.0%, 57.9% and 56.3%, respectively) showed more potent insecticidal activity than matrine (50.7%), quinine (37.9%) and toosendanin (53.6%). Compounds 8 and 13 especially displayed the most potent insecticidal activity with the final corrected mortality rates of greatly 60%; four (the final corrected mortality rates of 7, 10, 14 and 18 were 50.7%, 53.6%, 50.7% and 52.1%, respectively) exhibited moderate insecticidal activity, while the rest of tested samples displayed corresponding weak insecticidal activity with the final corrected mortality rates of less than 50%.
In order to elucidate the insecticidal activity of compounds 1-18 at a molecular basis and to reveal structural features critical for their insecticidal activity, a brief investigation of structure activity relationship (SAR) was determined, which revealed how the substituents and configuration on 1-18 were related to the insecticidal activity. In general, the introduction of halogen atom (a chlorine or bromine atom into the C2′ or C2′ and C6′ positions) on the E-ring of podophyllotoxin could afford to more potent compounds than their precursor podophyllotoxin. For example, the final corrected mortality rate of 1 was only 32.6%, however, they were 55.6%, 60.7%, 53.6% and 46.1% of 6, 8, 10, 16, respectively; the final corrected mortality rate of 2 was only 36.5%, but the final corrected mortality rates of the E ring halogenation derivatives of 12 and 13 were 57.5% and 65.0%, respectively; the final corrected mortality rate of 3 was only 28.7%, whereas the final corrected mortality rates of the E ring halogenation compounds of 14 and 15 were 50.7% and 57.9%, respectively; the final corrected mortality rate of 4 was only 30.5%, nonetheless, the final corrected mortality rate of 9 was 42.9%. Moreover, the insecticidal activity of 6, 7, 8 and 17 containing a chlorine atom at the C2′ position on the E-ring were more pronounced than that of 10, 11, 16 and 18 containing a bromine atom at the C2′ position on the E-ring. For example, the final corrected mortality rates of 6, 7, 8 and 17 were 55.6%, 50.7%, 60.7% and 56.3%, respectively; however, the final corrected mortality rates of 10, 11, 16 and 18 were 53.6%, 42.9%, 46.1% and 52.1%, respectively. In addition, the insecticidal activity of 8, 13 and 15 containing 2′,6′-dichloro atoms were more prominent than that of 6, 12 and 14 containing 2′-chloro atom. For example, the final corrected mortality rates of 8, 13 and 15 were 60.7%, 65.0%
and 57.9%, respectively; but the final corrected mortality rates of 6, 12 and 14 were 55.6%, 57.5% and 50.7%, respectively. Similarly, the insecticidal activity of 8 containing 2′,6′-dichloro atoms on the E-ring was more noteworthy than that of 16 containing 2′-bromo and 6′-chloro atoms on the E-ring. Furthermore, the insecticidal activity of 2′-chloropodophyllotoxin (6) was compared with that of the corresponding 2-chloropodophyllotoxin (5) . This further demonstrated that halogen atom introduced on the E ring of podophyllotoxin was significant for obtaining the more potent compounds. For example, the final corrected mortality rate of 6 was 55.6%, however, the final corrected mortality rates of 5 was only 47.0%. Interestingly, epipodophyllotoxin (2) and 2′-chloroepipodophyllotoxin (12) displayed more potent insecticidal activity than their corresponding 4′-demethylepipodophyllotoxin (4) and 2′-chloro-4′-demethylepipodophyllotoxin (9) (36.5% and 57.5% vs 30.5% and 42.9%), which illustrated that 4′-OCH 3 moiety in the podophyllotoxin analogues is essential to maintain insecticidal activity. Furthermore, 2′-chloropodophyllotoxin (6) and 2′-bromopodophyllotoxin (10) exhibited more promising insecticidal activity than their corresponding 2′-chloropodophyllotoxone (7) and 2′-bromopodophyllotoxone (11) . This indicated that 4-OH moiety in the podophyllotoxin analogues was significant for obtaining the more potent compounds. For example, the final corrected mortality rates of 6 and 10 were 55.6% and 53.6%, respectively; whereas the final corrected mortality rates of 7 and 11 were 50.7% and 42.9%, respectively. In general, 4β-podophyllotoxin analogues (2, 12 and 13) displayed more potent insecticidal activity than the 4α-podophyllotoxin analogues (1, 6 and 8). For example, the final corrected mortality rates of 2, 12 and 13 were 36.5%, 57.5% and 65.0%, respectively; but the final corrected mortality rates of 1, 6 and 8 were 32.6%, 55.6% and 60.7%, respectively. The translactone ring of podophyllotoxin analogues is generally considered to be significant for their insecticidal activity. For example, the final corrected mortality rates of 1, 6 and 8 were 32.6%, 55.6% and 60.7%, respectively; however, the final corrected mortality rates of their corresponding 3, 14 and 15 were 28.7%, 50.7% and 57.9%, respectively.
In conclusion, podophyllotoxin analogues (1-18) with diverse chemical structures were evaluated for their insecticidal activity against the pre-fourth-instar larvae of A. dissimilis in vivo by the leaf-dipping method at the concentration of 1 mg/mL. Among all the reported analogues, compounds 6, 8, 12, 13, 15 and 17 showed more potent insecticidal activity than matrine, quinine and toosendanin. 2′,6′-Dichloropodophyllotoxin (8) and 2′,6′-dichloroepipodophyllotoxin (13) especially exhibited the most pronounced and promising insecticidal activity with the final corrected mortality rates of greatly 60%. This suggested that variation of chemical structures in the podophyllotoxin skeleton conspicuously has effect on the insecticidal activity profiles of podophyllotoxin analogues. Moreover, SAR has revealed the substituents and configuration critical for their insecticidal activity: 1) the introduction of a chlorine or bromine atom into the C2′ or C2′ and C6′ positions on the E-ring of podophyllotoxin is preferred for better insecticidal activity; 2) the 4′-OCH 3 and 4-OH moieties in the podophyllotoxin analogues is significant for maintain insecticidal activity; 3) 4β-podophyllotoxin analogues exhibited more potent insecticidal activity than the 4α-podophyllotoxin analogues. The results may be useful in guiding further design, structural modification of podophyllotoxins in the development of potential novel insecticidal agents.
